Aims/hypothesis Red blood cell distribution width (RDW) has been reported to be a risk marker of morbidity and mortality for cardiovascular disease in various study populations. However, no studies have investigated the relationship between RDW and diabetes complications. We therefore evaluated RDW as a marker of macrovascular and microvascular complications in a nationally representative sample of the adult diabetes population in the USA. Methods A cross-sectional study was performed using the nationwide 1988 to 1994 data set from the Third National Health and Nutrition Examination Survey. The association between RDW quartiles and macrovascular and microvascular complications was evaluated in 2,497 non-pregnant adults aged 20 years and older and affected by diabetes. Logistic regression modelling was used to adjust for potential confounding. 
Introduction
Diabetes mellitus is a chronic illness characterised by increased risk of macrovascular and microvascular complications. Cardiovascular disease (CVD) is the primary cause of mortality in patients with diabetes [1] . Microvascular complications are a major cause of morbidity in diabetes populations and have been associated with heightened risk of systemic vascular complications [1, 2] . The identification of markers of macrovascular and microvascular disease could provide new information about the pathogenesis and early diagnosis of diabetes complications and facilitate decision-making in terms of prevention and treatment.
Red blood cell distribution width (RDW) is a measure of the variability in size of circulating erythrocytes (anisocytosis) [3] and is routinely assessed in the evaluation of anaemia. Increased RDW levels are related to impaired erythropoiesis or erythrocyte degradation [3] .
RDW levels, even within the normal range, have been strongly and independently associated with risk of all-cause and cardiovascular mortality in patients with CVD [4, 5] and in the general population [6, 7] . RDW has also been related to increased risk of new cardiovascular events in people with previous myocardial infarction [5] . However, no studies have investigated the relationship between RDW and macrovascular complications in a selected diabetes population. Furthermore, no data on the relationship between RDW and diabetic microvascular complications have been reported.
We therefore sought to evaluate RDW as a marker of vascular complications in a nationally representative sample of the adult diabetes population in the USA and to evaluate potential differences in the association between RDW and macrovascular and microvascular complications. The study's primary outcome was the presence, across RDW quartiles, of any of the following vascular complications: myocardial infarction, heart failure, stroke, retinopathy and nephropathy. The secondary outcome was the presence of individual vascular complications across RDW quartiles.
Methods
Study overview A cross-sectional design was used to investigate the relationship between RDW and macrovascular (myocardial infarction, heart failure, stroke) and microvascular (retinopathy, nephropathy) complications in participants who were aged 20 years and older, and had diabetes. Participant data were from the Third National Health and Nutrition Examination Survey (NHANES III), 1988 to 1994 database. NHANES III was developed to provide health status information on a nationally representative sample of the civilian non-institutionalised population of the USA. The survey consisted of an in-home interview, in which participants were queried about health behaviours, health status and risk factors, and a physical examination and laboratory tests were conducted at a mobile examination centre [8] . The NHANES protocol was approved by the National Center for Health Statistics Institutional Review Board (IRB) and written informed consent for data collection was obtained from all survey participants [9] . The present protocol was reviewed by the IRBs of Rhode Island Hospital and Providence Veterans Affairs Medical Center. Since the NHANES data were already de-identified [9] , both IRBs considered the study exempt from full board review.
Of the 18,825 NHANES III participants aged 20 years and older, 17,030 had blood samples taken. Among these, 332 participants were pregnant and excluded. Of the remaining 16,698 participants, 2,756 had diabetes. RDW values were available for 2,497 of these, and they constituted our study population.
Demographic and social characteristics Information on age, race/ethnicity, education, smoking and alcohol consumption was collected using a standardised questionnaire. Smoking was categorised as current, past or never. Past smokers were those who reported having smoked at least 100 cigarettes during their lifetime, but did not currently smoke cigarettes. Never smokers were those who said they had smoked less than 100 cigarettes during their life. Moderate drinkers were defined as men who had consumed one to two servings of alcohol per day or women who had consumed at least one serving of alcohol per day during the past month. Never drinkers were those who had not drunk any alcoholic beverage during the past month. No participants reported more than moderate drinking in our sample.
Laboratory procedures Each participant had a blood specimen drawn from an antecubital vein. A device (S-plus Jr Counter; Coulter Electronics, Hialeah, FL, USA) was used to measure RDW, haemoglobin and mean corpuscular volume (MCV). The maximum acceptable coefficient of variation for RDW was 3.2%.
Plasma glucose, HbA 1c , serum lipids, C-reactive protein (CRP), thyroid-stimulating hormone (TSH), serum and urinary albumin and creatinine, iron and vitamin levels were analysed by standardised laboratory methods, as previously reported [8] .
Medical history and examination Diabetes mellitus was defined as fasting plasma glucose ≥7.0 mmol/l and/or 2-h postload plasma glucose ≥11.1 mmol/l (both determined after overnight fasting for at least 8 h) and/or HbA 1c ≥6.5% (48 mmol/mol) and/or self-reported diabetes medication use and/or self-reported medical diagnosis of diabetes (other than gestational diabetes) at the time of the interview.
History of heart attack, congestive heart failure, stroke and pulmonary disease (asthma, chronic bronchitis, emphysema) were defined on the basis of self-reported medical diagnosis.
The analysis of diabetic retinopathy was restricted to adults aged 40 years or older who underwent fundus photography according to the NHANES study protocol. Photographic fields were graded, in a masked fashion, by trained graders at the Ocular Epidemiology Grading Center, University of Wisconsin Medical School. The presence of retinopathy was classified using the Modified Airlie House Classification scheme [10] . A summary diabetic retinopathy score was then calculated. Participants without lesions indicative of diabetic retinopathy, or with hard or soft exudates, intraretinal microvascular abnormalities or haemorrhages without microaneurysms, or with non-diabetic retinopathy were considered to be not affected by diabetic retinopathy. Mild diabetic retinopathy was defined as the presence of only microaneurysms or early non-proliferative diabetic retinopathy. Moderate diabetic retinopathy was defined as the presence of moderate or severe nonproliferative diabetic retinopathy. Proliferative diabetic retinopathy was defined by the presence of at least one of the following two conditions: (1) fibrous proliferation only or proliferative diabetic retinopathy that meets standard high-risk characteristics for severe visual loss; and/or (2) no diabetic retinopathy or any level of diabetic retinopathy on examination, but evidence of photocoagulation treatment outside retinal vascular arcades [11] .
To assess renal function, creatinine values analysed in NHANES III were recalibrated to the Cleveland Clinic Research Laboratory standard by applying the following formula: standardised creatinine=−0.184+(0.960×uncali-brated serum creatinine in μmol/l) [12] . Estimated GFR was then calculated using the following Modification of Diet in Renal Disease formula: estimated GFR=175×(standardised creatinine / 88. [13] .
Participants were included in the 'any vascular complication' sample if they answered 'yes' to at least one question about diabetic complications, or were affected by retinopathy or nephropathy, even if data were missing for some complications. Participants who answered 'no' to all questions about diabetic complications were included in the group defined as 'not affected by any complication' (n= 876). Participants who answered 'no' to some questions and for whom data on the other questions were missing were excluded because it was not known whether or not they had complications (n=374). Because of missing data, the number of participants in each secondary outcome sample was lower than 2,497.
Information on recent treatment for anaemia (including blood transfusions) or acute illness (i.e. colds, flu, diarrhoea, vomiting, pneumonia or ear infections within the past 4 weeks), duration of diabetes and diabetes-related medication use was collected using a standardised questionnaire.
Iron deficiency was defined by at least two of the following three criteria: transferrin saturation <15% (transferrin saturation is calculated as: iron/total iron binding capacity×100), serum ferritin level <26.9 pmol/l and erythrocyte protoporphyrin level >1.24 μmol/l [14] . Folate and vitamin B 12 deficiencies were defined by erythrocyte folate levels <232.49 nmol/l and serum vitamin B 12 levels <147.6 pmol/l, respectively [6] .
Body mass index was calculated as weight in kg divided by height in m 2 . Systolic and diastolic BP readings were obtained after the participant had been seated quietly for 5 min. Three to four consecutive measurements were taken on the same arm using a mercury sphygmomanometer, and the average value was considered for the analysis. Hypertension was defined on the basis of selfreported medical diagnosis of hypertension and/or, on examination, systolic BP of ≥130 mmHg and/or diastolic BP of ≥80 mmHg [1] .
Statistical analysis
The RDW values ranged from 11.1% to 24.1% (median 13.15%; interquartile range 12.6-13.85%). To evaluate the association between RDW and clinical outcomes, RDW values were examined as a continuous variable as well as divided into quartiles using the following cut-offs: 11.1 to 12.6%, >12.6 to <13.2%, 13.2 to <13.9%, 13.9 to 24.1%. Participant characteristics were studied across quartiles of RDW, and differences between groups were examined by simple linear regression for continuous variables and by χ² test for categorical variables. Skewed variables were logarithmically transformed to obtain a normal distribution.
The association between clinical outcomes and covariates was examined with logistic regression models and expressed as OR (95% CI). Using the first quartile of RDW as reference group, covariates that modified the relationship between RDW and the presence of any combination of vascular complications (primary study outcome) by >10%, i.e. age, CRP and HbA 1c , were considered as potential confounders and hence included in the final regression model. Other variables, such as alcohol consumption, HDLcholesterol, triacylglycerol, TSH, history of acute illness or pulmonary disease, and diabetes treatment were also tested and did not significantly modify the relationship between RDW and the primary outcome. Moreover, on the basis of previous literature [7] , additional variables independently associated with diabetic complications or with RDW were selected as covariates in the fully adjusted model, namely: sex, race/ethnicity, education, hypertension, smoking, BMI, serum cholesterol levels, duration of diabetes, haemoglobin, MCV, iron, vitamin B 12 and folate deficiency, and hypoalbuminaemia.
Multiple imputation was used to impute missing values for education, hypertension, BMI, total cholesterol, HDLcholesterol, triacylglycerol, CRP, TSH, albumin, vitamin B 12 and folate deficiency, HbA 1c , recent treatment for anaemia or acute illness, duration of diabetes and diabetes treatment. Multiple imputation is an efficient method for imputing missing values when it is reasonable to assume that data are missing at random. Variables predictive of the items being imputed and variables that were used in subsequent logistic analyses of the multiple imputed data were added as predictors in the model for multiple imputation. Five imputed datasets were generated and logistic analyses of the multiple-imputed data were performed.
Analyses of statistical interactions were performed by adding, in the final adjusted model, the interaction terms obtained from combining RDW with each of the following variables: age, haemoglobin, MCV, BMI, CRP, HbA 1c , smoking and hypertension. When a value of p<0.05 was observed for the two variables and the interaction term, the relationship between RDW and primary outcome was evaluated by subgroups.
We also performed three subgroup analyses. In the first analysis, we excluded individuals recently treated for anaemia. In the second analysis, we excluded individuals with RDW values outside the normal range (11.8-14.8%). Finally, considering that vitamin B 12 levels were determined only in phase 2 of NHANES III (1991-1994), a subgroup analysis excluding participants with missing vitamin B 12 values was performed. In all the subgroups, we analysed the relationship between RDW and vascular complications, after adjusting for confounders by using the multiple variable model reported above.
Also, a sensitivity analysis was conducted to compare the estimates obtained from imputed data with those observed in complete case analysis.
Because the NHANES uses a complex multistage probability sampling design to provide estimates for the USA population, all analyses were performed using the designated weighting specified in the NHANES III database. The total NHANES III pseudostratum was used as strata variable, the total NHANES III pseudoprimary sampling units as survey sampling units and the final weight of the total mobile exam centre-examined sample as sampling unit weight. Sampling weights accounted for the non-random sampling, including oversampling of the elderly, non-Hispanic blacks, and Mexican-Americans, and also for non-response, by adjusting for different probabilities of selection.
Statistical analyses were performed using STATA SE 11.1 (StataCorp, College Station, TX, USA). A value of p<0.05 was considered significant.
Results
In our population (n=2,497), the diagnosis of diabetes was based on self-report in 363 participants (14.5%), fasting hyperglycaemia in 87 participants (3.5%), postprandial hyperglycaemia in 509 participants (20.4%) and HbA 1c ≥6.5% (48 mmol/mol) in 214 participants (8.6%). The rest of the sample (n=1,324, 53%) had more than one criterion for diagnosis of diabetes. Notably, nearly half of the participants (n=1,149, 46%) were not aware of their diagnosis of diabetes. Table 1 lists baseline participant characteristics for the entire sample, stratified according to RDW quartiles. Participants with higher RDW levels were more likely to be older, less educated and currently smoking. The percentage of non-Hispanic blacks, and of those with hypertension and severe nephropathy, as well as BMI, CRP and UACR levels increased with increasing RDW quartiles. In addition, haemoglobin levels and estimated GFR decreased with increasing RDW quartiles. Despite significant differences in HbA 1c levels between RDW quartiles, this relationship did not follow a linear trend. Finally, participants with higher RDW values had a higher prevalence of nutritional deficiencies (in particular iron, folate and albumin deficiency). Interestingly, these significant relationships persisted even after excluding participants with vascular complications.
Multivariate logistic regression analysis (Table 2) showed RDW quartiles, age, smoking, hypertension, BMI, CRP and HbA 1c to be variables independently associated with the presence of macrovascular and/or microvascular complications. After adjustment for potential confounding (Table 3) , individuals in the highest quartiles of RDW were more likely than individuals in the lowest RDW quartile to have at least one diabetic complication. The same results were observed for myocardial infarction, heart failure, stroke and nephropathy. By contrast, the odds of having retinopathy were not significantly increased across RDW quartiles (Table 3) . Examining RDW as a continuous variable, the odds of having at least one diabetic complication increased by 21% for every 1% increment in RDW, adjusting for potential confounders (OR 1.21 [95% CI 1.01, 1.45]) .
Excluding individuals recently treated for anaemia did not significantly change the association between RDW and the primary outcome (Table 4) . Subgroup analyses excluding participants with RDW levels outside the normal range or those with missing vitamin B 12 values resulted in a smaller sample size and different magnitude of estimates. However, both subgroup analyses showed the same direction of estimates compared with the entire population (Table 4) . Also, as shown in Fig. 1 , the percentage of participants with at least one diabetic complication significantly increased across RDW quartiles in the entire diabetic population and in the three subgroup analyses. These findings suggest that the association between RDW and the primary outcome is valid for all RDW values, is not just driven by abnormal RDW values alone and is also independent of vitamin B 12 Finally, analysis by subgroups stratified by CRP levels (≤31.4 nmol/l and >31.4 nmol/l) showed the effect estimates to be similar with adjusted ORs ranging from 1.40 to 2.32 (95% CI 0.77, 2.55 to 1.07, 5.00) and 1.11 to 2.21 (95% CI 0.65, 1.90 to 1.09, 4.48), respectively for the different quartiles of RDW levels. This suggests that the association between RDW and any complication, as noted above (Statistical analysis), is attenuated by CRP in the entire sample and not just driven by a specific CRP subgroup.
Discussion
Red blood cell distribution width is a widely available and inexpensive test routinely performed as part of the complete blood cell count. Although higher RDW levels have been related to cardiovascular morbidity and mortality in several study populations [4] [5] [6] [7] , RDW has not been studied as a marker of complications in diabetes. In the present investigation, we used the NHANES III database to demonstrate a relationship between RDW and CVD in a selected diabetes population that is representative of approximately 18 million USA adults aged 20 years and older. This study also represents the first examination of the role of RDW as marker of two diabetic complications with a significant microvascular component, i.e. retinopathy and nephropathy. We found nephropathy to be significantly associated with RDW, but no relationship was found between retinopathy and RDW levels.
Increased RDW levels can be a consequence of anaemia or anaemia-related nutritional deficiencies. However, the association between clinical outcomes and RDW persisted after adjusting for multiple potential confounding factors, including haemoglobin, iron, vitamin B 12 and folate deficiency. Thus, the relationship between the clinical outcomes assessed and RDW is independent of anaemia and anaemia-related nutritional factors. Inflammation may influence erythropoiesis, erythrocyte circulatory half-life and erythrocyte deformability, promoting anisocytosis and thus increasing RDW levels [15] . In a large unselected outpatient population, greater RDW values were independently associated with greater CRP levels [16] , a well-established marker of inflammation and CVD [17] . Diabetes mellitus and the related metabolic syndrome are associated with chronic inflammation [18] . Heightened inflammatory activity has been demonstrated in apparently healthy participants who later developed type 2 diabetes. Likewise, increased concentrations of inflammatory markers, such as CRP and interleukin-6, have been involved in the development and progression of long-term diabetic macrovascular complications [18] . On the other hand, a shortened erythrocyte half-life has been reported in diabetes [19] and the metabolic syndrome has been related to increased RDW levels [20] , leading us to postulate a possible influence of an underlying inflammatory state (the occurrence of which is typical in diabetes mellitus and the metabolic syndrome [18] ) on accelerated erythrocyte destruction. In the present study, we observed increased CRP levels in the quartiles with highest RDW. In addition, the association between RDW and macrovascular disease was partially attenuated by adjustment for CRP. Thus, the relationship between RDW and CRP could explain, at least in part, our findings on the association between macrovascular disease and RDW in diabetes.
With regard to microvascular complications, we found an increased OR in the highest quartile of RDW for nephropathy, but not for retinopathy. These results could be explained by the presence of macrovascular and microvascular mechanisms in the pathogenesis of diabetic nephropathy [21] , as opposed to mostly microvascular disease in diabetic retinopathy. In fact, atheromatous macrovascular alterations have been reported in diabetic patients with kidney disease [21, 22] . On the other hand, our findings that the association between RDW and nephropathy was weaker than that with CVD may confirm the role of microvascular mechanisms as a major determinant of diabetic renal damage [21] . Studies enrolling individuals based on different inclusion/exclusion criteria to ours (i.e. general population, individuals with chronic heart failure) have recently reported a relationship between RDW and estimated GFR levels <1 ml s −1 m −2 [23, 24] . Therefore, consistent with these studies [23, 24] , we suggest that RDW also plays a role as a marker of nephropathy in patients with diabetes, possibly mediated through macrovascular damage. The lack of association between RDW and retinopathy was unexpected. We had hypothesised that this microvascular complication would also be related to RDW levels, because of the proposed role of inflammation in the pathogenesis of retinopathy [18] and the association between retinopathy and an increased risk of cardiovascular morbidity and mortality [2] . Recent studies have reported that the relationship between diabetic retinopathy and systemic inflammatory markers, in particular CRP, is weak or non-existent [25] [26] [27] . Thus it is possible that microvascular disease and the related inflammatory process of retinopathy may occur mostly at the local tissue level and not be related to systemic inflammation [18, 26] . Since RDW seems to reflect systemic inflammatory processes known to affect the macrovasculature [6, 24] , this may explain, at least partially, its relationship with macrovascular but not microvascular disease processes. Previous prospective studies have described a role of RDW as a predictive marker for CVD morbidity and mortality in several populations [4] [5] [6] [7] . Also, in a recent meta-analysis, Patel et al. confirmed the relationship between RDW and increased risk of all-cause mortality in a subgroup of diabetic participants [28] . However, that meta-analysis was focused on elderly participants and did not investigate the specific relationship between RDW and vascular complications. Rather, Patel et al. investigated mortality in the overall population and in subgroups, including diabetic participants. We believe that our findings contribute to an understanding of the mechanisms relating RDW to mortality in diabetic participants.
Considering the cross-sectional nature of our study, our findings suggest that RDW plays a role as a predictive marker of macrovascular diabetic complications. If prospective studies confirm a predictive role of RDW, this would allow targeting of participants who might benefit from a different and more aggressive treatment of their diabetes and/or CVD risk factors, as well as from close screening and follow-up. For example, close monitoring of risk factors such as dyslipidaemia, hypertension and albuminuria might be recommended if increased RDW levels are present in diabetic patients, even without symptoms of CVD or with normal kidney function. RDW might help identify individuals for whom, at present, the decision to start treatment with anti-platelet agents for primary prevention of CVD is based on clinical judgment [1] . Also, RDW might play a role in recognising participants with increased risk of nephropathy before the appearance of albuminuria, thus identifying patients without evident nephropathy who might benefit from earlier treatment with drugs inhibiting the renin-angiotensinaldosterone system [29] .
These results should be interpreted in light of the study's strengths and limitations. Its strengths include its large sample size and the wide assessment of coexistent macrovascular and microvascular risk factors in a random multiracial sample across the USA, providing excellent power and allowing adjustment for multiple covariates. However, there are also some important limitations. First, because of the cross-sectional design, we cannot establish causal relationships between RDW and diabetic complications. Second, CVD was defined through self-reported medical diagnosis, which could under-or overestimate the number of participants with macrovascular complications. The reliability of self-reported CVD is inconsistent in the literature, with results varying by patient population and study design. When comparing the medical records with patient self-report, some studies have found good agreement for CVD and stroke [30] [31] [32] [33] , while others have found lower agreement for the same conditions [34, 35] . Nonetheless, it has been highlighted that structured interviews and questionnaires like those used in our study (i.e. NHANES III) increase the validity of collected data [31, 32, 36] . Third, considering that diabetic retinopathy was the outcome with the most missing data, our failure to find a relationship with RDW may result from lack of power; thus, larger studies will be useful to further evaluate the relationship between RDW and retinopathy. Fourth, although we considered several potential confounding factors in the regression models, the relationship between RDW and diabetic complications could still be influenced by unmeasured additional confounding factors. However, even if RDW is not part of the mechanistic pathway towards the development of vascular complications in diabetes, our findings still support the use of RDW as a clinical marker for the presence of vascular complications in diabetes.
In conclusion, this study demonstrates that higher RDW values are associated with increased CVD and nephropathy in a nationally representative sample of adults with diabetes in the USA. This association is independent of traditional risk factors, anaemia or treatment for anaemia, and duration of diabetes. The magnitude of the increased risk associated with higher RDW levels is comparable to other established markers such as CRP and HbA 1c . Future prospective studies would be useful to provide additional information about the mechanisms relating RDW to macrovascular and microvascular disease, and the role of RDW as predictive marker of diabetic complications.
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